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SBT ACT 


The thickness of the boiling, butble, bcundary layer 
in foreed convection flow in rectangular geometry was 
measured by photographs. The test section had a rectangular 
eross section (1/2 ineck x 1/4 inch) which consisted of two 
opposite, electrically heatec, stainless steel walls and 
two glass walls. The ratio of heated strip length to the 
specing between the strips was abcut sixty. ‘the range cf 
the variables invgstigated was: heat flux density O to 
475,C00 Btu/hr ft*; test section flow velocity 60 te 5 
ft/sec; pressure 0 to 56 psie, and licuid subcooling tetween 

F and 108°F et the test section inlet. 

The bubble bcundary layer thickness was pletted against 
a peremeter which expressed the calculsted bulk subcooling 
cf the licuid st the point where the bubbie layer thiek- 
ness was measured. The plots show quantitatively the 
behavior of the bubble layer under various conditions cf 
subcooling, flow, ana heat flux density. an attempt was 
made to include the conditions of nucleation of bolling 
as a unifying parameter for the layer grewth. «hile a 
Slenificant relationship was indicated, there is 1ittl 
experimental basis for the proper value of nucleztion 
superheat necesuvary at the pressures investigated. in 
addition there are undoubtedly other nucleation varisbles 
which are significant. A generalized correlation of 
bubble layer growth was not achieved. 


Thesis Superviser: John A. Clark 


Title: “assistant Professor of Mechanicai Angineering 
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LaTaO DUCTION 


The use of flat plate type fuel elements in nuclear 
reactors and the desire to achieve the higher heat transfer 
rates that are possible with the boiling process require 
more fundatental information on bolling under conditions 
of flat plate geometry. It was the objective of this 
investigation tc make a photographic study of the bolling 
boundary layer growth under flow conditions using geometry 
wad a ratio of coclant volume to heating surfaces which 
would more nearly appreximate conditions in a nuclear 
renctor core. FPrevious investigations of pool boiling 
nate generally used Single heated wires or rods in a 
peol of water where the bubble size was large in relation 
to the heating surfaces, and the volume of fluid was much 
ereater than the heating surface. The forced convecticn 
boiling hes been done predominantly inside circular 
channels which is not the geonetry of interest here. 

Apperently the first work with rectangular flow 
channels was done by Gunther (1)* who had the heating 
strip in the center of the channel with water on both 
sides. As the intention was a study of bubble dynamics, 
rather than thd geenah of a bubble layer, the heated 
strips used by Gunther were not long. argonne hstional 


* Numbers in parentheses refer to the references in the 
bibliography. 
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gboratery lee done erteneive work sits flat plete setcmotry 
in bolling conditions, but the cnly -ublished infortatloen 
to dete hes beer for natural conveetion (2). The writer 
we informed thet Work on bolling if foresee convecticn 

in rettancular flow channel® Lad been done at AL, but 

no reports were “Svellable. 

Rene of tie foresoing eullished tuvtetiaeticns used 
forcet convertion in flow feometry #ith crrotitely raclie 
hentine elements having a levee L/y, retic ef lengtr te 
Spacing Wetweem Cla&tes, The hett trensfer section witch 
WaS used consleted cf two electriowliv heuted Tlat, etaisce 
less sieel (18-5) strips with deseseed (de-ners ted) 
aistilled water flening between thes. L/y for tAts 
ezPeriment was about 60. Ths rance of the varlebles 
investiznted was? heat flux den@ity; © to 475,006 
btu/hr rt“; test section flow velocity C to > Tt/seo; 
vressure et teat seoticn cutiet G te 56 meia, Om Linuia 
subcooling between 27°F and LUE°F at the test section 
imiet. - 

& adescrintion ef the arpareattise used, & ciboutaton of 
the tost procedure, wand tie teat resulte are giver in 
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The exper lown ts. ejguip@ent ugeu GG ecarry cut end 
Lnvertigution ie stown iv the |ceoapanying diagrams. 
Fic. Bis a solLeaetic Tlow ciasram of the test loop. 
Pig. zis a photeeraph of the bpparatus Showing tho teat 
sectiob in the v@rticel position. The piatap end electricul 
preheators are fet Vigitie La the photogreph, | 

Distilled dnd Ge@astified water wae circulated in 
the test loos. thie Whier 8@8 POreheated befcre entering 
the test section by two electric beaters (Llectric 
Brromatcx in@erégicon bestera, type @T 270, 7006 matts, 
31,0 volts, @.i. Wiegand Co,, bittsourur, Pa.;. These 
heaters weré controlled by Veriacs, type ViCG2, General 
kadip COp, Gamoridge, sues. A Siuple coiled tude heat | 
ex ollangex using cold Water #us usei to eoor the Water 
Leayik the *Aest tection before entering tas yumy (Heat= 
inghouse totelly enclosed centrifugal Ouep, Mote: Jler, 
220 volta, 3 phase, 60 c¥cle}. This pump pegul¥ed an 
oil or dtalae syBteu which hed an cil tc water eOoiad beet 
seohanger (Ross Heater and kanufacturing Uc., Suffsic, 
% YT: }“hnd fn eleetricelly driven centrifugal plep, LL opm, 
Allis Chal: oes Kanufacturi as Co., Morweod, Chic. “Tie 
moter for the Oil pump was’ 3/ AY, -440 voit, 64 cycle, 
3 phase, me Fe wlLeetric. The wa er clreulating Pup 
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Fig. 2- Photograph of Apparatus 
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measurements, The tiancheter used was a Serrien 2C inch 
U-manometer, type 68-1103. The flow rate was controlled 
by a valve on the digecharge side of the pump. 

The test section consisted essentially of a reetangular 
flow channel, 1/4 ineh x 1/2 inch cross seoticn, with 
electrically heated stainless steel (1&-€) strips fcrning 
two of the cpposite walle. The other two wails were class 
which permitted viewing the nucleate boiling bubble for- 
mation on the heated strips. The heated strips were 15.6 
inches in length, giving an L/y Of approximately 60. 
fhe inlet approach section was alse rectangular, 1/4 inek 
x 3/8 inch cross Section and an L/y of 50. ‘The inlet 
and outlet sections (Fig. 3) were necessarily narrower, 
i.e. 3/8 inch instead of 1/2 imeh to provide end support 
for the glasses. Tapered transitions were made at these 
points. The test section outlet had the Sume cross sec- 
tional dimensions as the inlet but was such shorter, about 
3.1/2 inches. 

The main part of the test section was mild steel 
(Fie. 4). This provided a frame to rec@ive the water 
inlet and outlet sections, the electrics] conductors and 
heating strips, enud the glass windows (Jerguscon gave 
glasses, series 5, 17 inch length) whisk were, clanred 
by modified Jerguson gage glass covers, series 5. 
bBlectrical insulation between the stainless steel heating 


Strips and the mild steel frame was achieved by usinog 
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Duront TEFLOR phasgti«e. The heater Strips were electrically 
connected in. sarigs by & copper bus or ecnueet kon riece 
located at the weter inlet end of the heater strips (ilece 
"2", Fig. 5). This electricel arrangesent sme crosed 
because of the generator characteristics used to provide 
the electrics: power. ‘ihe fower ror the nemtiis, strics 
came rrad a acterlqousriter set (moter manufacturer, 1.d. 
Land an& Co., 220 volts, 6C cycie, 3 phase, 65 amps, 1156 
rpm; generator manufacturer, veneral siectric vuorp., 
model 53A532, 15 volts, LOCO amps). 

tthe dastilbed water was degassified by boiling in 
a etat foess eteol drum néated by 4 Bubllergec Steam coil 
using 30 pound# Saturated steam. “ater was trensferred 
to and from this drum, which alse Berved as 4 System 
reservoir, by the Aestinghouse fulnp. 

bifficulty Was experienced with very swell rust 
partidlas, &Ppprentiy from the Steel jacketed Dreeaters, 
during eariy rung. A Fulfio Filter Uh 10 3/4 Commercial 
Filter, Corporation, helrose, Mass., was ingtalled #t the 
304 PUMP diseharge. this cleared the water ewtisfaeterily. 

Originally the test section wew in a thorizcatal 
positicn to facilitate the photography. at 1 oe fiow 
rates, one vO two feet per becond in the test secticn, 
nucleate boiling bubbles from the lower plate wouid ride 
ang ccalesce with the upper plate bubbles. it wae feared 


that this might cause premature burncut on the upper late, 
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Piece “2” 
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Piece “4” 
Mat'l: TEFLON 
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so the test section was mounted in a vertical position, 
Fig, 5 “Vetalis of clectric Keating wtrips”" shows 
the strips as used Yor the Gata runs. The first design 
did net have the six 3/16 inch stainless steel red 
supports for the heating strips, but only two small, 
5/32 ineh, diameter, short, 1/4 ineh, stainless steel 
studs which fastened to a 5/16 inch TEFLON dowel which 
in turn was tizshtened by ao nut bearing asainst the cute 
side of the main body of the test seetion frame. The 
emall studs located at the midpoint cf thse strips proved 
inadequate to prevent oompressive buckling of the heated 
strips during preliminary runs. The larger studs iaproved 
the situation, but did not eliminate the bowing of the 
strips completely. The silver solder on the backs of the 
strios and the thermal capacity of the larger studs 
undoubtedly caused variations in the electrical current 
density and the uniformity of the heat generation, but 
tere was no apparent effect on the bubble boundary layer 


at the stud li ceationa,. 
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Fig.6- Photograph of test section 
(disassembled) 
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2XPUriesNTAL FROCLDURE 


The distilled water used in the loop was taken from 
the degassifier where it had been boiled fer one hour 
before each run. ‘The electrical generator loading and 
the water flow velocity were set while the electrical 
preheaters were edjusted to maintain the desired water 
temperature at the test seetion inlet. 

The voltesce was measured across the test section 
electrical terminals with a Weston D.C. voltmeter, nodel 
45, serial 2€49, scale O-1.5, 15, 150 volts. The ammeter 
on the motor generator control board gave the current 
readings. The boiling in the test section wouid cause 
appreciable increases in the system pressure. ‘This 
neceseltated resadjustments in the flow as the pump 
characteristics were pressure sensitive. Conditions were 
allowad to stabilize by observing the test secticn outlet 
pressure. This pressure generally steadied within one 
minute. shotographs were taken with a Graphic View 4 inch 
x 5 inch still camera heaving Rapax lens, wollensak Co., 
using Panatomic X film. Camera settings used were 1/25 
sec and f 22, ‘The test section was backlishted with a 
microflash light, type 1530-A, weneral vnadio Co., Gambridsze, 
hese. The light was insufficient tc light the entire test 
secticn at once, 80 each photogreph covered a lencth of 


about eisht inches, a typical Seauenee of photovruphs 
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Fig.7- v1 ft/sec 
Q/A 83,000 Btufhr ft* 








Fig.8 vift/sec 
Q/A 166,000 Btu/hr ft* 
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Fig.9- v1 ft/sec 
Q/A 250000 Btu/hr ft? 
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An ettemtt wae made to correlate the Siyricai com- 
Gitione in the enwnnel such «8 beet fiux Daweity, ficn 
velocity @oe fluid e@nthal;)y, ot the point where tie two 
bubble betnmdary layers Met or interiingled. ULis eee not 
Successful anc it is belleved thet tke principal difficurty 
was in establishing or defining the @ctiuml icegticon of the 
junetion, Sefcre the vapor bubbles f@row to a size waieh 
is avout hLelf of the channel width, the bubble is influencing 
the boundary leyer cn the opposite strip. Pith bubbles of 
this sige, the photographs shew that the flow is not 
symmetrical, A bubble deflects the weter toward the 
opresite strip and seems to wipe off the bubbles or raduce 
the boundary leyer thickness there. 

+ «The quentity BL is the calculated BULK entunipy at 
the point of intersection of the bubble beundary layers 
ong lz equal to the inlet enthelpy hy plus the enerny 
added per pound by the heater strips between the inlet 
ema the point : 
Rage Hay + 2 (2) Ax 


where a, is tee srem cf one Strip between iniet end 
the yoint x, ami w ie gees flow rate tbrouan the chummel. 
The okperiweatui conciticnos for the various rune is tebuiaten 
On pages 245, 20, ana 27. The following dota whe cal oulsted 


fer the runs Lidiested: 
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Picture Ficture 

7 -. U62 Ld o~_ O3BL 

=, COL L5 2034 
9 ~.027 16 -.U35 
10 -.030 1? -, 040 
ii -.053 1é ~. 056 
12 -~.043 19 =. 039 
13 -.C31 20 -, O46 


The quantities hy, the saturated Liquic enthalpy, and 
ip,, latent heat of evaporation correspond to the pressure 
measured at the test seetion cutiet. We hydrostatic correct- 
fon wes made. [t is Significant that all of the points 
selected showed a nerative “quelity” or 2 bulk enthalpy 
less than the saturated enthalry at the point where the 
vapor appears to be blocking the chaunel. 

Lt must be renembered, Nowever, that the bubbles are 
actually three dimengicnal rather than two as is implied 
here when the point of intersecticn is assumed. The actual 
"quality" is undoubtedly less than the value calculated 
since all the energy generated in the strips was assumed to 
be transferred to the fluid. There were certeiniy heat Losees 
through the bask cf the heating strips bet! by ecnduction 
and by bollins of water which B daiegtt on to the back cf the 
Strip. ho theoretical calculations were made to extimate 


the masnitude of tis lose nor was a heat balance atte@ipted 
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ean the eection because Of inadecuste lnets umn totic. 
ye 18 welieve! that the icssae are less tian ten », elownit. 

Mevyverak “exrplometery” runs were mede io ah of fart 
to achieve « higher guelity at the tost tveticr vyhiet. 
We photegrapbs were taken, With G/s 2 485,000 tte/br ft, 
v2 1 ft/see, t; = 170° anc p * 45 Odie, the onlculaved 
quality at @eutlet wah alout = lode The inet Jew inthes 
of the channel appeared te te S1iest ais. vYemur. 

Q/A = 450,006 Bwu/hr tt, v 2 0.68 ft/seo, t, = 104 and 

p = §3 psie wave a pulsating flow with siugs of vapor 
Surcing up the chuntel. Yne Calculated wutiet quailty 
yas @ LeThe The highest quality achieved wad -~ Licks 
with 2/A = 440,000 wtu/hr tt“, ¥ * 0.5 ft/aee, ty = 196% 
and p * 60 psia. «ith these cenditicne tae upper two 
thirds eof the test Section wes softly vapor with viecLent 
bolling in the Botten third. 

-Lotse were nate of § > the thierness or khelaht of the 
busbie boundary isyer, ag@aintt a parwke ter i, Shick eapresast et 
the subcecling of the Oui Lioulid at the iccation where 
was Meauured. 0.16 tle Same negative "“queilty” or sub- 
cocling spoken of grevicuely. 
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and hg is the calculated entnalpy at the point wheres Ss 
was measured. The value of H was also cesleulsted ignoring 
all beat lésses, As His a calculated quantity, the 
experimental uncertainty is cf interest. with the 
following expcorimental variations: 

flow velocity + 0.1 ft/see for'v = 1 ft/sec 

pressure #& 0.5 psia 

inlet temperature + 0. 5°F 

generator ourrent + 5.0 amps 
the resulting uncertainty in I can be estinated. Taking 
run #29, which is Fig. 8, a& an example where § = ,083 
inches at a distance x = 9.35 inches from the beginning 


of the heated strip. 


Q = 8.3 volts x 600 +5 amps = 4.72 © 6.4 Btu/sec 
w= .llk £ .01 lb/ses 
n§ 2h + Q.L (a L = 14.7" length of heated 
w \ iL trip 


with t. = 200°F + 6.5°F, h 


; = 168.0 & 0.5 btu/lb 


1 


Sinee p= kl # 0.5 psia 


= 237.5 £ 0.7 Btu/Ld 


0.8 
> 
i 


932.6 £ 0.5 Btu/Lb 


y= hs - he 
4s 
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H = (145.3 23.3) - (237.5 4 0.7) 





432.6 +05 
i= 0.045 &£ .003 


Tris shows an uncerteunty cf about 6) in lL. The largest 
Variations were in ths water velocity anc the generator 
Current Measurements, conzeaquentl: the scatter was 
appreciably greater for the low flow and icw jcwer runs. 
This is quite possibly the ezplanaticn for the seeming 
inconsistencies shown on Fig. 1G where G/A = 63,000 btu/hr rte 
and the 3 ft/sec is to the right ef tne Z ft/sec run. 
the picts of § us ib Show that the growth of the 

bubble boundary iayer is as would be expected. lt is less 
for the greater subcooling and nigher velocitiss while 
greater for the higher heat flux densities. These varia- 
tions are giver quantitatively by the graphs. vlnee the 
general Shape of the varicus curves is similor, it was 
thought that a cerreletion for true nucleaticn peints (i.e. 

§ = @) might be found. AS the pregsure was different 
for the various runs, a ~rressure parameter for nucleation 
was sought. Using the liquid superheet at incipient 
nucleation, @ term was adéad to the "subcooling” jaraneter 


H used previously. If 


(ta - +4) = f() 


where ty, is the wall temperature at the point of 
nucleation and tf is the bulk fluid teaperature. 


i, = he . tq) 
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Lf pit e#enred Constant then a 


(hus- hg) + Mir -hs) . by - hg 
hg 
Mos (hub) _H wheee H = hs ~hg 
hte 








YVahuec fer cd -~ tr a8 o function cf pressure were taken 

from Fieure IV-C-2 "Moxinuc Laperimental ana VhecretieslL 
Depree of Licuid ouperhest® from ref. (3). 

The experimental superheat curve for the stalniese eteel 
~“water systes was uged. The Proesura auclesaticr correction 


was avplied te snumothed curves of § yet. “Iie resulting 


Rte 


Correalatitn 13 Whown ih Fig. ci. SRILG 1% is tree that 

this rosulted in a clober prouping of the data, such m 

tach value of surerkeat ( ~ L50°R) ettminec in an experimzent 
whets the water Was vary claan, unheated and stetic is 
umbixely in a Wovine Tlaid being heatec, It Le Telt thnt 

% superheat cf about thirty deerren® neuld be more remBensbis, 
my suck lover value of superkewt WOuld tend to scatter the 
cuxsves Mera, Tt ie eiparent thet a #eneralizea ccrreLetion 


i® yet tebe eoined. 
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The follecring figures are arranged first for constant 
heat flux deneity @/A with varying flow velocities to show 
the velocity effect on the growth of the bubble boundary 
layer for different subcoolings. Tila Gata was hext cross- 
plotted at a constant flow velecity to show the effeet of 


changing heat fiux density against subcocling. 
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